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PREFACE 
The work described i n  t h i s  repor t  was j o i n t l y  supported by t h e  MSAT-X program 
and t h e  NASA Propagation Studies and Measurements program. Wolf Vogel and 1 
wrote t h i s  a r t i c l e  dur ing a v i s i t  I made t a  Texas i t 1  November, 1984 j u s t  p r i o r  
t o  t h e  successful dedicated bal loon launch of November 12 and 13 (Texas t o  
Alabama). 
We d i v ided  up t h e  w r i t i n g .  I wrote Sections 1, 2 and 5; and Wolf Vogel wrote 
Sections 3,  4 and 6. F i rouz Naderi, Task Manager f e r  MSAT-X, s u b s t a n t i a l l y  
rewrote t h e  I n t r o d u c t i o n  (Sect ion I )  i n  t h e  e d i t o r i a l  review process. By 
r igh ts ,  he should be a co-author; but making him one would be counter t o  t h e  
e th ics  of manuscript review. 
rnest K. Smith 
Propagation Coordinator 
January 24, 1985 
Abstract 
I t  now appears l i k e l y  t h a t  t h e  Land Mobi le  S a t e l l i t e  Services (LMSS) 
w i l l  be authorized by t h e  FCC fo r  operat ion i n  t h e  800 t o  900 Mhz ("U-IF") 
and possibly near 1500 MHz ("L-hand") . Propagation problems are c l e a r l y  
an important f a c t o r  i n  t h e  effect iveness of t h i s  service, but  useful  mezsure- 
ments a re  few, and have produced con t rad i c to ry  i n t e r p r e t a t i o n s .  This r e p o r t  
provides a f i r s t - o r d e r  overview of e x i s t i n g  measurements w i t h  p a r t i c u l a r  
a t t e n t i o n  t o  t h e  f i r s t  two NASA bal loon-to-mobile veh ic le  propagat ion exper i -  
ments. The repor t  a lso  provides some phys ica l  i n s i g h t  i n t o  t h e  i n t e r p r e t a t i o n  
of propagation ef fects  i n  LMSS transmissions. 
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INTRODUCTION 
1.1 
The land n o b i l e  s a t e l l i t e  se rv i ce  (LPISS) i s  under a c t i v e  considerat ion 
by t h e  FCC f o r  U.S. frequency a l l o c a t i o n  a t  800 t o  900 MHz ("UHF") and 
poss ib ly  a t  1500 t o  1700 MHz ("L-band"). While t h e  outcome of FCC n o t i c e  
o f  proposed rulemaking i s  s t i l l  not  c lear,  i t  seems l i k e l y  t h a t  t h e  LMSS 
i n  some form w i l l  m t e r i a l i i z .  
A Mobile S a t e l l i t e  System (MSS) i s  a s a t e l l i t e b a s e d  communications 
network t h a t  provides vo ice ar:d data comunica t ions  t o  mobi le  users through- 
out a vast geographical area. The operat ion i s  s i m i l a r  t o  a t e r r e s t r i a l -  
based land mobi le communications system i n  which vehic les w i t h i n  l i nes -o f -  
s i g h t  o f  ground-based t r a n s m i t t i n g  towers can cornmupicate w i t h  each other. 
The d i f ference i s  t h a t  t h e  s a t e l l i t e  system, w i t h  i t s  " re lay  tower" placed 
a t  a he ight  o f  22,000 mi les ( t h e  park ing o r b i t  f o r  geostat ionary s a t e l -  
l i t e s ) ,  can extend t h e  e f f e c t i v e  l i n e  of s i g h t  s u b s t a n t i a i l y  and prov ide 
uninter rupted blanket coverage over an extremely l a r g e  area such as t h e  
North American continent. 
PrDpagation considerat ions tu r t i  out t o  be a major f a c t o r  i n  t h e  design 
and v i a b i l i t y  of land mobi le s a t e l l i t e  systems. The fundamental problem 
of communicating w i t h  mobile users v i a  s a t e l l i t e  l i n k s  stems from t h e  
small s i z e  and l i m i t e d  performance inherent  i n  low cost v e h i c l e  te rn ina l s ,  
i r :  general and i n  veh ic le  antennas i n  p a r t i c u l a r .  I n  LMSS, where t h e  ground 
terminals  a r e  e i t h e r  po r tab le  o r  mobile, m u l t i p a t h  faaing and shadowing 
make t h e  channel much more h o s t i l e  than e i t h e r  broadcast o r  f i xed  s a t e l l i t e  
services. 
I n  recent years, NASA has undertaken a number of system studies t o  
determine what t h e  d r i v i n g  technologies and c r i t i c a l  design issues w i l l  
be on t h e  MSS s a t e l l i t e s  of t h e  future. These s tud ies by JPL (Naderi, 
et.  al., 1982) and TRW (Horstein, 1983) a l l  p o i n t  out  t h a t  t h e  f u t u r e  h igh 
capaci ty MSS w i  11 he severely constrained by shortages i n  spectrum, o r b i  t a l  
s l o t  and spacecraft e.i .rep. Propagation impairments i n  t h e  mobi le channel, 
p a r t i c u l d r l y  rnul t ipath fad ing and shadowing by man-made and na tura l  ob- 
s t r u c t i o n s  exacerbate t h e  spacecraft e.i .rap. shortage. The problem is 
f u r t h e r  complicated s ince t h e r e  i s  l i t t l e  re levant  experimental data sJhich 
adequately character izes t h e  fading channel a t  t h e  frequencies o f  i n t e r e s t  
t o  LMSS. 
Mobi le S a t e l l i t e  Experiment (MSAT-X) 
I n  order t o  b e t t e r  character ize t h e  LMSS channel and t o  develop and 
v a l i d a t e  advanced ground segment technologies, i n c l u d i n g  v e h i c l e  antennas, 
NASA intends t o  enter  i n t o  a b a r t e r  t ype  agreement w i t h  t h e  U.S. connnercial 
e n t i t y  l icensed by FCC t o  implement t h e  f i r s t  generation LMSS. Under t h i s  
agrement, NASA would prov ide f ree  s a t e l l i t e  launch services t o  t h e  s a t e l -  
l i t e .  Subsequently, NASA w i l l  use t h i s  capaci ty  t o  v a l i d a t e  advanced 
technologies and t o  conduct propagation experiments us ing a variety of 
veh ic le  antennas i n c l u d i n g  both omni d i r e c t i o n a l  and s tee rab le  antennas. 
(It should be noted t h a t  t h e  propagation c h a r a c t e r i s t i c s  of a fading 
channel a re  s t rong ly  dependent on t h e  type o f  t h e  veh ic le  antenna employed). 
The expected experimental pe r iod  f o r  MSAT-X i s  1988-1990 [For more i n f o r -  
mation on MSAT-X see t h e  MSAT-X paper by Naderi, et. al., October, 19841. 





Past and Present A c t i v i t i e s  
Dur ing t h e  l a t t e r  phases of t he  Appl icat ions Technology S a t e l l i t e  
(ATS) e f fo r t ,  NASA p a r t i c i p a t e d  i n  mobi le experiments us ing  ATS-6 beacons 
w i t h  Motorola (Hess 1978, 1980) a t  860 MHz and t h e  General E l e c t r i c  Company 
[Arlderson, et .  ai., 1981) a t  1550 MHz. 
Theory 
Shown i n  F igure 1 i s  an a r t i s t ' s  conception of t h e  LMSS problem from 
t h e  propagation standpoint. As i t  i s  customary t o  i nc lude  t h e  na tura l  no ise  
background under "propagation," t h a t  should have been shown i p  t h e  f i g u r e  as 
wel l ,  hut i t  i s  already ra the r  busy. I n  F igure  1 t h e  ray r l  i s  t he  d i t e c t  
path from s a t e l l i t e  t o  mobi le antenna. With most s a t e l l i t e  systems t h e  
problem stops a f t e r  cons iderat ion o f  r l ,  f i r s t  as i t  i s  3f fected by t h e  
icnosphere and then t h e  troposphere. I n  LMSS i t  i s  a l so  necessary t o  
consider the  ray (or  bundle o f  rays)  r2 which i s  re f l ec ted  specular'- a t  
t h e  Fresnel zones on t h e  ground i n  t h e  d i r e c t i o n  of t h e  s a t e l l i t e .  F i -  
na l l y ,  there  are those rays r 3  which represent power sca t te red  i n t o  t h e  
antenna main beam and s ide  lobes from d i s c o n t i n u i t i e s  i n  t h e  t e r r a i n  which 
cause t h e  so-ca l led "di f fuse" component. I n  t h i s  sec t i on  t h e  d i r e c t  ray 
w i l l  be t rea ted  f i r s t ,  then t h e  ground re f l ec ted  ray, then t h e  d i f f use  
ray, and f i n a l l y  t h e  composite of t h e  th ree  rays. 
The d : rec t  ray, r l  passes through t h e  ionosphere where t h e  t o t a l  
e lec t ron  column ( 1 t C )  i n  t h e  presence of t h e  Ear th 's  magnetic f i e l d ,  w i l l  
cause a r o t a t i o n  of t h e  plane o f  p o l a r i z a t i o n  (Faraday r o t a t i o n )  and a 
modest delay i n  t h e  s ignal .  Occasionally t h e  v a r i a b i l i t y  i n  t h e  e lec t ron  
dens i ty  w i l l  cause s c i n t i l l a t i o n  of t h e  s igna l  amplitude, phase, and d i rec -  
t i o n  of a r r i v a l .  
F a r a d a y o n  i s  r o t a t i o n  of t he  p o l a r i z a t i o n  ax i s  of a non -c i r cu la r l y  
po la r i zed  wave as ir t r a v e l s  through t h e  ionosphere. The electromagnet ic 
wave s p l i t s  i n t o  two orthogonal components (ord inary and ex t raord inary )  as 
i t  enters t h e  ionosphere, recombining as i t  leaves. As t h e  phase ve loc i -  
t i e s  fo; t h e  two components a re  s l i g h t l y  d i f fe ren t ,  t h e  recombined wave 
experiences a r o t a t i o n  of i t s  p o l a r i z a t i o n  vector i n  t h e  p lane normal t o  
d i r e c t i o n  of propagation according t o :  
fi = r- BL (Gauss) N ds radians 
2-36 r 
where 81 i s  t he  component of t he  Ear th 's  magnetic f i e l d  along t h e  ray path, 
N i s  t he  e lec t ron  densi ty  i n  electrons per  meter cubed, and f i s  t he  
frequency i n  Hertz. I f  we take  BL = -.4 gauss a t  400 Km f o r  t y p i c a l  
propagation paths t o  geostat ionary s a t e l l i t e s  i n  North America one can 
crudely approximat e ( 1) by 
(2) 
Q e degrees 
GH~! 
where TEC i s  i n  hexels e lect rons per m2). 
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Thus a value of 100 TEC u n i t s  (10 l8 el/m2) would r e s u l t  i n  a Faraday 
r o t a t i o n  of about 70 degrees a t  850 MHz and about 20 degrees a t  1.6 GHz. 
I f  t h e  t r a n s m i t t i n g  and rece iv ing  antennas a r e  co-polar, then t h e  po la r iza-  
t i o n  loss  would be 20 l o g  (cos 0) dB or  9.3 dB a t  850 dHz but only 0.5 dB 
a t  1.6 GHz.  The C C I R  uses a value of  56 = 108" a t  1 GHz as t h e  maximum 
Faraday r o t a t i o n  t o  be expected a t  1 GHz. This i s  i n  good agreement w i t h  
t h e  Japanese r e s u l t s  from ETS-I1 shown i n  F igure  2 f o r  a m id - la t i t ude  
s t a t i o n  t o  a geostationary s a t e l l i t e  (CCIR Rep. 263-5) converted t o  t h e  
frequencies and e leva t ion  angles of i n t e r e s t  here. The base data i s  a 
f u l l  year  of recordings dur ing  a pe r iod  of so la r  maximum 1979-80 (Zur ich  
sunspot number around 157) and a per iod  of low sunspot number (Zur ich 
sunspot number around 42). As can be seen a t  850 MHz Faraday r o t a t i o n  
w i l l  cause s i g n i f i c a n t  losses t o  l i n e a r l y  po la r ized  antennas so t h a t  
c i r c u l a r  p o l a r i z a t i o n  i s  ind icated.  The same does not  ho ld  fo r  1.6 GHz 
where t h e  worst 1% of t h e  t ime of t he  worst year y i e l d s  a r o t a t i o n  of 42.7 
degrees leading t o  a loss  o f  -2.7 d6 between l i n e a r  antennas. 
2.1.2 Ionospheric S c i n t i l l a t i o n  i s  most severe a t  low l a t i t u d e s  (about 
9" N y s )  and next a t  aurora l  l a t i t u d e s  (above about 
59" N l a t i t u d e  f o r  t ransmission t o  geostat 'mary o r b i t  i n  eastern North 
America). M id- la t i tude  s c i n t i l l a t i o n  w i l l  be less  of an impairment and 
has been ignored i n  most LMSS analyr,es. A good d iscuss ion i s  given i n  
C C I R  Report 263-5 (1982). 
Ground Ref lect ion.  
wave ( ray  r 2 )  t o  impinge upon i s  paving (concrete, asphal t  o r  d i r t )  inasmuch 
as t h e  r e f l e c t i o n  po in ts  f o r  e leva t i on  angles of 20" t o  60" and an assumed 
antenna height  of 2 m a r e  5.5 rn and 1.2 m from t h e  mobi le antenna, respec- 
t i v e l y .  I f  t h e  mobi le  were a boat o r  a h i k e r  then t h e  s i t u a t i o n  would be 
vas t l y  d i f fe ren t .  Shown i n  F igure  3 a re  curves of t h e  p lane Ear th  re f l ec -  
t;on coef f i c ien ts  ( v e r t i c a l  p o l a r i z a t i  on) f o r  several d i f f e r e n t  s i t ua t i ons .  
For hor izon ta l  p o l a r i z a t i o n  the  r e f l e c t i o n  c o e f f i c i e n t  decreases mono- 
t o n i c a l l y  from u n i t y  a t  0" e leva t ion  angle t o  t h e  v e r t i c a ?  p o l a r i z a t i o n  
value a t  zeni th.  Ve r t i ca l  p o l a r i z a t i o n  has a Rrewster (or  pseudo-Brewster) 
angle a t  which p o i n t  t h e  amplitbde of t h e  r e f l e c t i o n  coe f f i c i en t  approaches 
zero and t h e  phase angle s h i f t s  from near 180" t o  near 0". Note a lso  t h a t  
t h e  magnitude of t he  v e r t i c a l  r e f l e c t i o n  coef f i c ien t  i s  always less  than 
t h a t  f o r  ho r i zon ta l  po la r i za t i on .  As a consequence, a c i  r c u l a r l y  po la r ized  
wave w i l l  always look somewhat e l l i p t i c a l  upon ground re f l ec t i on ,  but more 
s i g n i f i c a n t l y  i t  w i l l  have i t s  d i r e c t i o n  of r o t a t i o n  reversed a t  e leva t ion  
angles above t h e  Rrewster angle (6" t o  27"). This l a t t e r  c h a r a c t e r i s t i c  
i s  important t o  mobi le antenna design. 
2.2 The most l i k e l y  surface f o r  t h e  ground re f l ec ted  
The magnitude of t h e  ground-reflected wave i s  given hy 
where: P s  i s  ca l l ed  t h e  t e r r a i n  roughness factor, 
D i? t h e  divergence fac to r  (taken as l!, 
R o  i s  t h e  plane Earth r e f l e c t i o n  coef f i c ien t .  
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The magnitude of p s  i s  given by Reckmann and Spizz ich ino (1963) as 
4n Ah sin$ where A $  = 
and A h i s  t h e  rms height  of i r r e g u l a r i t i e s  of t h e  surface, 
J, i s  t h e  e leva t ion  angle a t  t h e  ground r e f l e c t i o n  po in t .  
and 1, i s  t h e  wavelength. 
A p l o t  of t h i s  r e l a t i o n s h i p  i s  given i n  F igure  4. There has been 
concern t h a t  t h e  drop o f f  i s  t o o  fast .  A recent paper by M i l l e r ,  Brown & 
Vegh (1384) suggests t h a t  equation ( 4 )  should be w r i t t e n  
Hhere i o  i s  t h e  modif iet l  Ressel function. 
i n g  t h e  rap id  decrease of pS w i t h  A$ which otherwise occurs (see F igure  4). 
This has t h e  proper ty  of moderat- 
2.3 The Di f fuse Component. The ray 1-3 i n  F igure  1 represents t h e  biggest 
unknown i n  t h e  t e r r a i n  mu l t ipa th  question. It may represent a composite 
r e t u r n  from a recent ly  plowed f i e l d  o r  an almost specular r e f l e c t i o n  from t h e  
face of a rock format ion l i k e  t h e  F l a t i r o n s  near Boulder, Colorado. The 
current  treatinent of t h i s  "d i f fuse  component" i s  t o  assume t h a t  i t  i s  Ray- 
l e i g h  d i s t r i h u t e d  and has an rms l e v e l  which i s  8 t o  14 dR below t h e  d i r e c t  
ray E l .  Whereas, t h e  ground-ref lected component €2  i s ,  by d e f i n i t i o n  
a r r i v i n g  a t  - 0 , where + 0 i s  t h e  e levat ion angle of t h e  s a t e l l i t e  as  
seen from t h e  nobi le ,  t h e  assumption i s  t h a t  t h e  d i f f u s e  component a r r i ves ,  
t o  a f i r s t  approximation, a t  0' (i.e., h o r i z o n t a l l y ) .  The second order  
approximation would consider i t  d i s t r i b u t e d  between - 
e leva t ion  w i t h  a maximum a t  0'. A major uncer ta in ty  a t  present i s  j u s t  
what t h i s  d i f fuse  component f o r  t h e  land mobi le case w i ! l  t u r n  out  t o  be 
on a s t a t i s t i c a l  basis. The mari t ime mobi le s i t u a t i o n  i s  b e t t e r  under- 
stood, probably becairse there  are r e g u l a r i t i e s  i n  the  ocean s j t u a t i o n  
(waves move i n  t h e  same d i rec t ion ,  and t h e  r e l a t i o n s h i p  of wind and wave 
s t  r c c t u r e  i s  we1 1 understood). 
and, zay, + lo"  i n  
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2.4 Combination of t h e  Three Corn onents. The combination of t h e  energy 
i n  the  th ree  ray paths 7 '& i n  F igure  1 i s  usua l l y  accomplished 
as fol lows. One f i r s t  assumes t h a t  t he  fading r a t e  of t h e  d i r e c t  component E, 
( ray  path E l )  p lus  t h e  spe:ular o r  coherently ground-ref lected compment E2 
( ray  path 1-2) i s  s i g n i f i c a n t l y  less  than t h e  d i f f use  component E3 ( repre- 
sented by ray pa th  r 3 )  and t h a t  t h e  amplitude of t h i s  combination i s  
probably not much d i f f e ren t  i n  l eve l  from E l .  Hence, t h e i r  vector sum i s  
-f -b -b 
I n  p r a c t i c e  t h e  reduct ion of t h e  ground re f l ec ted  r e l a t i v e  t o  t h e  d i r e c t  
component i s  ass is ted  by antenna d i r e c t i v i t y  a t  t he  mobile. This resu l tan t ,  
which we w i l l  c a l l  E t  i s  then combined w i t h  t h e  d i f f use  component E3 (which 
i s  taken t o  be Rayleigh d i s t r i b u t e d )  and t h i s  second resu l tan t  d i s t r i b u t i o n  
can then be described i n  terms of R ic ian  s t a t i s t i c s .  The R ice  d i s t r i b u t i o n  
( o r  Rice-Nakagani d i s t r i b u t i o n )  describes t h e  ccmbination of a steady signal  
and a Rayleigh d i s t r i b u t e d  signal  i n  terms of t h e  r e l a t i v e  rms power i n  t h e  
two components. Such a d i s t r i b u t i o n  i s  shown i n  F igure  10. 
2.5 Fol iage Blockage. Roadside t rees  may t u r n  out t o  he t h e  l i m i t i n g  
propagation impairment t o  LMSS. Studies such as  t h a t  by Hess (1980) have 
stressed t h e  importance of s i d e  of t h e  s t r e e t  and d i r e c t i o n  of a s t r e e t  
r e l a t i v e  t o  t h e  s a t e l l i t e  t o  mobile path, but  p r i m a r i l y  f o r  t h e  urban 
s i t ua t i on .  It appears tha t ,  f o r  a s i g n i f i c a n t  f r q c t i o n  of t h e  U.S., road- 
s ide  t rees  c o n s t i t u t e  an important s ignal  hlock?ge factor,  occasional ly 
even a t  zen i th  ang:es. Cn t h e  m u l t i l a n e  E-W i n t e r s t a t e  highways westwavd 
moving t r a f f i c  w i l l  be essen t ia l l y  f ree  from fo l i age  blockage but not 
eastward t r a f f i c .  Horace Dewey (Go West Young Man) was a hundred years 
before h i s  t ime! S im i la r l y ,  N-S roads should show less  blockage f o r  t rans -  
mission t o  a s a t e l l i t e  3 t  t h e  same long i tude than would be expected f o r  
E-W roads, but genera l i za t ions  are  dangerous. 
Fo l iage a t tenuat ion  has received a l o t  o f  a t t e n t i o n  f o r  ground-to- 
ground paths (see fo r  example C C I R  Rep 236-5) and paths d i f f r a c t i n g  over 
t h e  t r e e  tops have been successful ly employed. Weissberger (1981) has 
suggested t h a t  f o r  cases where one terminal  i s  near a small  ( l e s s  than 400 
m deep) grove, t h e  add i t i ona l  l oss  L can be pred ic ted  by t h e  formula 
where f i s  t h e  frequency i n  MHz, and d i s  t h e  depth of t h e  grove t r a -  
versed by t h e  d i r e c t  ray ( r  i n  Fig. 1 )  i n  meters. This eauation i s  
sa id  t o  be aDRliCable from 2 a 0 t o  95.000 K ; z .  A t  i t s  I n t e r i m  
1983, C C I R  Study Group 5 proposed a simpler form of  t h i s  r e l a t  
L = 0.2 f o e 3  d o * 6  dB 
The di f ference between the  two formulas i s  not great I 
Meeting i n  
on, namely 
J t  ne 
i s  i t  neglegible. For example, a t  1 GHz a 10 m path through f o  
gives 5.15 dB by formula ( 8 )  and 6.32 dB by formula ( 9 ) .  It i s  
d i f f i c u l t  i n  v iew o f  Lambert's l a w  t o  j u s t i f y  an exponent d i f t e r e n t  
one f o r  t he  d is tance term i n  Equations (8 )  and (9 ) .  
(9 )  
t her 
i age 
a l so  
from 
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2.6 Fading Rate. Consider t h e  r a t e  o f  fading which could occur between 
E 1  and any ray E3 i n  F igure 5 which depic ts  a n o b i l e  v e h i c l e  a t  A moving 
towards t h e  s a t e l l i t e  w i t h  ve loc i ty .  A s ta t ionary  obstac le  (8) behind t h e  
mohi le r e f l e c t s  a s ignal  back i n t o  t h e  antenna a long r3+. Two Doppler 
frequency s h i f t s ,  i n  opposi te d i r e c t i o n s  are then obcerved. The d i r e c t  
s ignal  w i l l  be s h i f t e d  upwards by 
+ V 
C 
fT  COS e 
The re f lec ted  s igna l  w i l l  be s h i f t e d  dQwnwards by 
where C i s  t h e  v e l o c i t y  of l i g h t  and f T  t h e  t ransmission frequency. The 
frequency d i f fe rence A f  between these two s jgnals  i s  
A f = f  - 
rl  = 2- f (cos P -I- 1 )  f r 3  c T 
I n  t h e  l i m i t  (cos 6 = 1) t h i s  becomes 
2 V f T  
A f = - = -  2v 
C x 
For example, i f  f T  = 850 MHz, 
i s  146.86 Hz and from (13) i s  157.41 Hz. These a r e  f i r s t  order  est imates 
of t h e  maxinum expected frequency of fading. 
F igure  5 can a lso  be used t o  der ive  t h e  standi l lg wave p a t t e r n  on 
t h e  road. The n u l l  t o  n u l l  d is tance represents 360' change i n  phase w i t h  
d is tance A r  a long t h e  ground, but  t h e  phase path i s  a l s o  reduced along 
hy r 3  by A r  cos t) . 
0 = 30' and V = lor) km/hr, A f  from (12) 
A r  + A r  COS e = 
A r  = A/(1 + COS 6) (14) 
I n  t h e  l i m i t  (e leva t ion  angle 6 = 0) 
i s  equal t o  X/2. 
length of t raverse  along the ground path. 
The quest ion of maximum fading frequency due t o  blockage can be 
formulated by c rea t ing  Fresnel zones ( l o c i  of r + n / 2 )  a t  t h e  d is tance 
o f  an obstruct ion,  say a telephone pole, i n  t h e  pa th  of t h e  d i r e c t  ray. 
Tho pieces o f  t h e  Cornu s p i r a l  can then he recons t i tu ted  t o  p rov ide  a 
measure of the  dimensions o f  an obs t ruc t ion  which w i l l  produce a s i g n i f i -  
r increase) i n  s ignal  leve l .  The f i r s t  Fresnel zone rad ius 
cant i s  F 1  = h d where d i s  t h e  distance from t h e  mobi le t o  t h e  obst ruct ion.  
L e t  d = 20 m and X = 0.353 m, then F1 = 2.66 m. 
i s  serious then a t  100 km/the fade r a t e  N i s  gI* ien by 
Ar, t h e  n u l l  t o  n u l l  d is tance 
This i s  t h e  argument f o r  t a k i n g  data every e igh th  wave- 
If obst ruc t ing  0.1 F 1  
lo5- = 104.4 Hz N = 3600( .266) 
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3. 
Noise. The noise environment about t h e  s a t e l l i t e  (see fo r  example 
C C I R  Rep 720-1) w i l l  be the  ground i n  the  main beam of i t s  antenna, w h i l e  
sidelobes may p ick up t h e  oceans and g a l a c t i c  and s o l a r  noise. A t  850 MHz 
t he  br ightness temperature of t h e  land seen a t  45' inc idence might be 
260K, t h a t  o f  water 94K and t h e  ga lac t i c  background about 8K. If t h e  
mainbeam e f f i c i e n c y  i s  55 percent, t h e  s a t e l l i t e  antenna no ise  Na would 
be 
Na = 0.55(260) + 0.25(94) + 0.2 (8)  (1% 
= 168 K 
The mobi le antenna temperature might be 20% ground temperature iirj 
80% sky tenperature. AT 850 MHz, g a l a c t i c  no ise  and emission noise trorn 
t h e  atmosphere a r e  both about 8K and add i t i ve .  Hence, a t  t h e  mobile, t he  
antenna temperature Na i s  given by 
Ta = 0.2(260) + 0.8(8) + 0.8(8) 
= 64.8 K 
Man-made noise may a lso add a component a t  t h e  mobi le as w i l l  s o l a r  no i se  
but w i l l  be neglected here. 
The system noise temperature Ts of t h e  rece iv ing  system i s  given by 
= 180 K + 65 K 
= 245 K 
when T r  = 180 K i s  t h e  assumed rece iv ing  system no ise  temperature (exc lud ins Ta) 
re fe r red  t o  t h e  antenna terminal .  
Experiment Cescr ip t ion 
The s t a r t i n g  p o i n t  f o r  t h e  s imulated land mobi le s d t e l l i t e  experiment 
was t h e  Nat ional  S c i e n t i f i c  Bal loon F a c i l i t y  i n  Palest ine,  Texas. This 
f a c i l i t y ,  sponsored i n i t i a l l y  t h e  NSF and associated w i t s  NCAR, was t rans-  
f e r r e d  t o  NASA i n  1982. From Palest ine,  s t ra tospher ic  aalloons, reaching 
a l t i t u d e s  o f  90,000 t o  140,000 f e e t  (27 t o  43 km), a re  launched r o u t i n e l y  
throughout t h e  year  and espec ia l l y  around t h e  few weeks i n  Spr ing and F a l l  
when t h e  winds i n  t h e  upper atmosphere change d i r e c t i o n  2nd consequently 
slow down enough t o  a l low f o r  f l i g h t s  l a s t i n g  tens of  hours over land, 
w i t h i n  t h e  boundaries o f  t h e  U.S.A., and w i t h i n  t h e  range of te lemetry.  
The two communication experiments c a r r i e d  out i n  October, 1983 and January, 
1984 had low weight requirements and the re fo re  were attached ("piggy- 
backed") t o  other  experiments. Since they were flown a f t e r  the  f a l l  
turn-around, t h e  bal loons d r i f t e d  towards t h e  east. 
- 9 -  
The major hardware components of t h e  experiment were t h e  t r a n s m i t t e r  
borne by t h e  ba l loon and t h e  rece ive r  and data a c q u i s i t i o n  system c a r r i e d  
i n  a passenger van. 
A block diagram o f  t h e  t r a n s m i t t e r  i s  showr, i n  Fig.  6. A Karkar 
KR900 communications t r s n s m i t t e r  produced 4 w a t t s  of output power. I n  
add i t i on  t o  opera t ing  ir !  CW mode i t  could be narrcw band (25 KHz bandwidth) 
FM modulated, a fea ture  t h a t  proved i t s  value as an a i d  i n  t h e  operat ion 
of t h e  experiment, because i t  was used f o r  occasional communication between 
t h e  ba l loon base and t h e  van. Powered by l i t h i u m  ba t te r i es ,  t h e  t ransmi t -  
t e r  could be ac t i va ted  through t h e  ba l loon con t ro l  te lemet ry  and operated 
fo r  up t o  30 hours. 
The c i  rcc t la r ly  po la r i zed  t r a n s m i t t e r  antenna, a drooping crossed 
d i p o l e  b u i l t  from JPL spec i f i ca t ions ,  was mounted on a ground p lane of 2.6 
wavelengths diameter. Impedance matching resu l ted  i n  a r e t u r n  loss  of 
b e t t e r  than 25 dB. 
and below t h e  gondola i n  order t o  prevent any blockage (Fig. 7 ) .  The 
antenna p a t t e r n  was not measured f o r  t h i s  experiment, but  assumed t o  be 
approximated by i t s  t h e o r e t i c a l  pat tern.  
The antenna assembly was mounted of f  i h e  ba l loon ax i s  
The rece iv ing  antenna was i d e n t i c a l  t o  the  t r a n s m i t t i n g  antenna, 
except t h a t  i t  was mounted on a 4 by 8 f o o t  ground p lane which was sup- 
por ted  abcve t h e  r o o f  o f  t h e  van (Fig. 8). The no ise  temperature o f  t h e  
rece iver  was 180K, r e s u l t i n g  i n  a s igna l  t o  no ise  r a t i o  of about 30 dB a t  
a range o f  130 km and 20 degrees of e levat ion.  The 869.525 MHz s igna l  was 
f i l t e r e d ,  ampl i f ied  by a low noise FET ampl i f ie r ,  and converted t o  29.525 
HHz. The back-end col is isted o f  a modif ied I C O M  IC-R70 amateur r a d i o  com- 
munications receiver.  
The rece iver  was operated simultaneously i n  t h e  FM mode f o r  t h e  voice 
recept ion as w e l l  as i n  t h e  AM mode w i t h  a p redetec t ion  bandwid,' . 
80 dB could be achieved by switching t h e  rf ga in  of t h e  r e c e i v v .  ,ne 
instantaneous dynamic range ( a t  constant gain) was b e t t e r  than 30 dB. 
14 ':HZ f o r  t h e  measurement of t h e  s igna l  power. A dynamic range ex *g 
The data a c q u i s i t i o n  system consisted of  an IBM-PC w i t h  a Data Tran- 
s l a t i o n  DT2801 board. The con t ro l  program ran unaer PC-DOS 2.0 and was 
w r i t t e n  i n  Fortran, us ing  t ! -e  Supersoft compiler. I npu ts  t o  t h e  program 
were t h e  output voltage of t h e  receiver,  t h e  d i sc r im ina to r  voltage, and 
the speed of t h e  van. The major experimental requirements were t o :  
- Control t h e  r f  gain of t h e  rece iver  so t h a t  t h e  peak s igna l  vo l -  
tage f e l l  i n t o  a s u i t a h l e  raage of t h e  A / D  converter. 
- Measure t h e  frequency of t h e  
rece iver  was tuned proper ly.  
- Sample t h e  s igna l  a t  i n t e r v a l s  
- Store t h e  data tcge ther  w i t h  
f loppy disks. 
received s igna l  and i n s u r e  t h a t  t h e  
of 1 /8 wave1 engths. 
p e r t i n e n t  system in fo rmat ion  on t h e  
The s igna l  was samplzd i n  burs ts  of 1 second durat ion;  and a f t e r  
some ca lcu la t i ons  were performed and adjustments made t o  t h e  receiver,  t he  
next burs t  o f  sampling occurred. The duty cyc le  of t h i s  was about 60 
percent. Every 4 t o  5 minutes t h e  data were t rans fer red  from memory t o  
f loppy d i s k .  
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4. 
I n  order fo r  t h e  van t o  fo l low t h e  balloon, in fo rmat ion  sbout t h e  
approximate pos i t ion ,  speed, and d i r e c t i o n  of t h e  ba l loon had t o  be a v a i l -  
ab le  i n  t h e  van dur ing  t h e  f l i g h t .  This was accomplished over a duplex 
c i r c u i t .  Transmission froni t h e  van t o  t h e  bal loon was a t  about 150 MHz, 
us ing  a po r tab le  radio. This s igna l  was relayed over t h e  1.5 GHz te lemetry 
system t o  t h e  ba l loon base. I n  t h e  o ther  d i rec t i on ,  t h e  vo ice  Mas t rans-  
m i t t e d  from NSBF t o  t h e  ba l loon a t  150 MHz and relayed t o  t h e  van over t h e  
869.525 MHz l i n k .  The q u a l i t y  o f  t h i s  s igna l  was usua l l y  excel le t r t  because 
of t h e  l a rge  signal  t o  no i se  r a t i o  i n  t h e  receiver. 
The experinent has been c a r r i e d  twice. Fo l low ing  a sunset launch on 
10 October 1983, data were co l l ec ted  f o r  some 8 hours w h i l e  t h e  van t r a v e l -  
l e d  about 600 km from Palestine, Texas over secondary roads thrcugh East 
Texas p i n e  fo res ts  t o  Wonroe, LoLlisiana. E leva t ion  angles were i n  t h e  
range from 10 t o  30 degrees. Thca ;econd F l i g h t ,  on 11 January 1984, pro- 
vided 2 hours o f  data a t  e leva t i on  angles between 27 and 35 degrees, again 
through East Texas. 
Results of t h e  Medsurements 
Two t imep lo ts  of received power levels,  selected because they rep- 
resent t h e  range of s igna l  va r ia t i ons  observed, have been combined i n  Fig. 
9. One shows both t h e  e f fec ts  of  r e f l e c t i o n  and o f  shadowing (blockage) 
by trees. The van was d r i v i n g  on a two-lane road through a p i n e  forest ,  
and t h e  l i n e  of s i g h t  t o  t h e  balloon, a t  an e leva t i on  of 28 degrees, was 
v i s u a l l y  observed t o  occasional ly graze the  treetops. The nornial i ted 
variance, defined by: 
< (  V-<V>)2> 
<V>2 
var = 10 l o g  
where v i s  t h e  s igna l  vc l tage and <> denotes t a k i n g  t h e  mean, was -9.2 dB. 
A t  t h e  speed of 55.2 m i les  pe r  hour, t h e  van t r a v e l l e d  about 75 wave- 
lengths i n  one second and thus about 600 samples were taken over t h i s  
distance. I f  one assumes t h e  van t o  be a probe sampling a standing wave 
f i e l d  se t  up by i n te r fe rence  between t h e  d i r e c t  wave and g r o m d  re f l ec -  
t ions,  then t h e  sampling r a t e  was about t w i c e  t h e  one requ i red  t o  reso lve  
ti.. f i e l d s .  F i e l d  s t rength  va r ia t i ons  caused by shadowing a r e  a l s o  assumed 
t o  he f u l l y  resolved. The other one-second record shown was taken w h i l e  
t h e  van was crossing a long  two-lane causeway w i t h  s t e e l  guard r a i l s  over 
the Toledo Rend Reservoir  a t  t h e  TexaslLautsiana border. The e leva t i on  
angle t o  t h e  ba l loon was aoout 20 degrees and t h e r e  was no shadowing a t  
a l l .  The -35.3 dB variance ind i ca tes  t h a t  t ne re  was no s c a t t e r i n g  problem 
e i ther .  
Frequency spectra o f  t b e  ampli tude va r ia t i ons  of t h e  received s igna l  
vol tage have been ca l cu la ted  and an est imate of t h e i r  s t a t i s t i c s  has been 
made. The t y p i c a l  spectrum shown by t h e  cen t ra l  l i n e  i n  Ffg.  10 i s  based 
on about 100 seconds o f  ddta c o l l e c t e d  over about 5 minutes a t  a speed 
near 55 mi les  p e r  hour. It was der ived by itpv’ying a Fast Four ie r  Trans- 
form t o  t h e  f i r s t  512 samples of each l-second data record, r e s u l t i n g  i n  a 
frequency r e s o l u t i o n  of about 1.2 Hz and a maximum frequency of about 300 
Ht. A f t e r  windowing t h e  spec t ra l  components t h e  power was ca l cu la ted  and 
smoothed w i t h  a seven element s l i d i n g  t r i a n g u l a r  window. F i n a l l y ,  i n  
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order t o  get a near ly  equal spacir of po in ts  when p l o t t i n g  on a loga- 
r i t h m i c  frequency scale, a constar 3 f i : t e r  was appl ied t o  t h e  data. The 
in format ion about t h e  sever i ty  o f  t h e  f l u c t u a t i o n s  was removed by normaliz- 
i n g  t h e  area under t h e  curve a f t e r  summing t h e  i n d i v i d u a l  spectra. The 
r e s u l t  shown i s  t y p i c a l  i n  t h a t  i t  shows a s lope of about 10 dR per decade 
i n  t h e  region between about 10  and 100 Hz, fo l lcwed by a steep d e c l i n e  i? 
power a t  about 125 Hz. A t  a speed o f  25 m/s (meters por  second) through a 
standing wave f i e l d  produced by t h e  in ter ference of 369 MHz wave-components 
t r a v e l i n g  i n  opposi te d i rec t ions ,  t h e  inaximurn expected amgli tude modulat ion 
frequency would be v / (wave l~ngth /2)  o r  150 Hz. 
The upper and lower curve i n  Fig. 1G g i v e  t h e  power l e v e l s  below 
which 5 and 95 percent o f  t h e  i n d i v i d u a l l y  normalized l-second spectra 
were found t o  l i e .  The band between these contains 90 percent of a l l  t h e  
measured spectra, but  i t  should be noted t h a t  due t o  t h e  normal izat ioq t h e  
bounds themselves are  not  spectra, s ince those which s t a r t  out a t  a h igher  
leve l ,  f o r  instance, must f a l l  o f f  sooner thar! ‘hose s t a r t i n g  lower. A 
fading channel i r !  which a d i r e c t  wave cwb ines  w i t h  randomly re f lec ted  
waves can be described by t h e  Ric ian prqbabi l i t y  d i s t r i b u t i o n ,  which can 
be expressed i n  terms of t h e  received power as 
where K i s  t h e  r a t i o  o f  t h e  specular t o  t h e  random power received. The 
r e s u l t i n g  p r o b a b i l i t y  d i s r : r i b i i t i on  funct ions for  k from 0 t o  25 have been 
p l o t t e d  i n  Fig. 11 f o r  comparison w i t h  d i s t r i b u t i o n  funct ions measured a t  
various e levat ion angles. The most obvicus di f ference betweeti t l ,e measured 
and predic ted d i s t r i b u t i o n s  i s  t h e  sharper t u r n  towards lower rower a t  
p r o b a b i l i t i e s  above about 90 o r  95 percent. The data show improving power 
l e v e l s  w i t h  increas ing e leva t ion  angle w i t h  t h e  exception of t h e  20 t o  25 
degree data, which were subjected t o  t h e  most shadowing. Table I sum- 
marizes these resu l ts .  
Table I 
Power D i s t r i b u t i o n  vs. E levat ion 
E 1 evat i o n  I Signal Lebel i n  dB Rel. To FSL 
I Exceeded a t  P r o b a b i l i t y  of ---------------------..--------”----------------------------- 





15 <= elev < 20 I -1 .o -7 .O -1 0.8 
20 <= e lev < 25 I -1.5 -9.8 -1 3.0 
25 <= e lev < 30 I -0.5 -1.2 -2.0 
30 <= ?lev < 35 I -0.5 -1.2 -2.0 
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I n  order t o  separate t h e  shor t -  and long-terln cha rac te r i s t i cs  of t h e  
s ignal ,  t he  power l eve l s  exceeded fo r  50, 70, 90, and 95 percent of t h e  t ime 
i n  each o f  t he  l-second data records have been determined and t h e i r  d i s t r i -  
but ions ( a l l  e leva t ion  angles included) have been p l o t t e d  i n  Fig.  12. The 
power l e v e l  d i s t r i o u t i m  of t h e  same set  o f  data has been inc l t ided f o r  com- 
parison. The f i g u r e  demonstrates t h a t  when 95 percent l i n k  a u a i l a b i l i t y  i s  
required, fo r  inr tance, t h e  ove ra l l  s t a t i s t i c s  i n d i c a t e  an 8 dB margin. I f  
one i s  not allowed t o  average over a long t ime (d is tance)  but demands the  35 
percent a v a i l a b i l i t y  every second, however, then a 20 dB margin would be 
necessary. 
obtained a t  t he  low end o f  t h e  appl icable e leva t ion  ang12 range and i n  
densely forested areas, these ra ther  severe r e s u l t s  should not be taken t o  
r g l e  out land mobi le s a t e l l i t e  c o m n i c a t i o n .  
e leva t ion  range, t h e  measurements p red ic t  much more reasonable 95 p ercent 
margin requirements o f  2 dB and 4 dB respect ive ly .  
t he  extreme margin requirements would be by coding schemes which can cope 
w i t h  lower instantaneous l i n k  a v a i l a b i l i t y .  
Considering t h a t  most of t h e  data co l l ec ted  so fa r  have been 
I n  t h e  30 t o  35 degree 
One way t o  overcome 
The fade durat ion i s  def ined as t h e  number o f  wavelengths t b e  s igna l  
i s  below a threshold. It has been found t h a t  most of t h e  10 dB fades are  
shor te r  than one wavelength (or  14 ms fo r  a car d r i v i n g  55 mph) a t  eleva- 
t i o n  angles between 10 and 35 degrees, and 90 percent a re  sho r te r  than two 
wavelengths a t  e levat ions under 30 degrees, and shor te r  than 5 wavelengths 
i n  t h e  30 t o  35 degree range. 
The leve l  cross ing r a t e  i s  defined by how many times pe r  wavelength an 
increas ing s igna l  crosses t h e  threshold. Again, f o r  t h e  10 dB fade level ,  
ra tes  o f  .5 t o  .7 crossings per  wavelength are  average 2nd 90 percent of t h e  
cross ing rates are  below 2 per  wavelength. 
5. Comparison With Other Work 
There a re  two o ther  studies which lend themselves t o  d i r e c t  comparison 
w i t h  t h i s  one. These are  t h e  Motorola measurements of ATS-6 b Hess (1980) 
and t h e  Canadian work publ ished by Butterworth and Matt  (1983 r and by Huck 
and co-workers (1983). A comparison w i t h  Hess publ ished urban data i n  F igure 
12 gives a good i n d i c a t i o n  of t h e  greater loss  encountered under urban 
condi t ions.  Hess d i d  c rea te  a ser ies  o f  models, t a k i n g  cognizance of most o f  
t h e  var iab les we recognize today. For comparison purposes, h i s  90% s p a t i a l  
90% suburban r u r a l  value f o r  roqui red margin i s  p l o t t e d  i n  F igure  12. We 
have analyzed our resu l ts ,  among other  ways, along t h e  l i n e s  t h a t  Hess has 
used: i.e., ca l l ed  short- term v a r i a t i o n  teinporal ( w i t h i n  one second), and 
titen t h e  v a r i a t i o n  of one-second leve ls  (e.g., median o r  90% of data) t h e  
spa t ia l  var ia t ion .  I n  fac t ,  o f  course, both va r ia t i ons  are  p r i m a r i l y  
s p a t i a l  as can be seen by comparison w i t h  records irnen t h e  veh ic le  i s  
s t  a t  i ona ry . 
Comparison o f  our data w i t h  t h a t  publ ished by our Canadian Colleagues 
i s  shown i n  F igure 13. Their  data i s  the r e s u l t  of he l icopter-borne beacons 
over a s t r e t c h  of land near Ot tawa.  Whereas t h e  bal loon f l i g h t s  g ive  c loser  
s imulat ion t o  s a t e l l i t e s ,  t h e  bal loon t r a j e c t o r i e s  a re  not  c lose ly  pre-  
d i c t a b l e  so one works under less  con t ro l l ed  c w d i t i o n s .  For example, our 
data i n  the  20'-25' range i s  s t rong ly  inf luenced by a wide p ine  fo res t  
which happened t o  be present wh i l e  t h e  bal loon was being observed a t  those 
a l t i t udes .  However, t he  Senera1 agreement i s  s u r p r i s i n g l y  good. 
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6. Conclusion 
The program a u t l i n e d  here represents an attempt t o  s a t i s f y  two requi re-  
ments. One i s  t o  t e s t  t h e  theory cif wave propagat ion as i t  i s  appl ied t o  
land mobi le s a t e l l i t e  communication systems, and t h e  other  i s  t o  prov ide 
designers of these sys tem w i t h  design equaticns which preferably  a re  
based 3n sovnd t h e o r e t i c a l  considerat ions and whose parameters have been 
establ ished by measurements. I d e a l l y  a p r e d i c t i o n  of  t h e  r e l i a b i l i t y  of 
these c o m i n i c a t i o n  l i n k s  can be made if t h e  area of operat ion i n  t h e  
Y.S., rece iver  parameters such as bandwidth, coding scheme, o r  antenna 
pattern,  and t h e  p o s i t i o n  and p e r t i n e n t  c h a r a c t e r i s t i c s  of t h e  s a t e l l i t e  
a r e  known. For t h a t  purpose i t  w i l l  be neczssary t o  acqui re propagation 
data over t h e  whole spectrum o f  topologies, such B S  f l a t ,  r o l l i n g ,  o r  
mnuntainous, and f o r  vegetat ion cover such as desert, shrub, crop, o r  
forest .  Such measurements are n3w planned together  w i t h  systemat ic mea- 
surements of f o l i a g e  at tenuat ion.  The enlarged data base w i l l  make i t  
poss ib le  t o  b e t t e r  quant i fy  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of land mobi le 
s a t e l l i t e  communication. 















A r t i s t ' s  conception of land mobi le s a t e l l i t e  system w i t h  geostat ionary 
s a t e l l i t e .  The d i r e c t  ray r l  and t h e  specular ly  re f l ec ted  wave r p  combine 
t o  form t h e  coherent component which i s  then combined w i t h  t h e  Rayleigh- 
d i s t r i h u t e d  d i f f u s e  component r 3  i n  a Nakagami-Rice d i s t r i b u t i o n .  
Cbserved Faraday r o t a t i o n  for  transmissions from a m id la t i t ude  s t a t i o n  
t o  a geostat ionary s a t e l l i t e .  Derived from Table V I ,  C C I R  Report 263-5 
(1977-78 and 1979-80 measurements from Tokyo of s a t e l l i t e  ETS-11). 
Plane ear th  ground r e f l e c i o n  coe f f i c i en ts  f o r  sea water, f resh water 
and th ree  d i f f e r e n t  sets of grotlnd corlstants fo r  a frequency of 1 GHz. 
Ter ra in  rougnness f a c t o r  as determined by two d i f f e r e n t  fo rmul i .  
Construct ion i l l u s t r a t i n g  t h e  marimJm Doppler fade r a t e  (s igna l  scat tered 
from behind t h e  veh ic le  when i t  moves towards the  s a t e l l i t e  wi th v e l o c i t y  v) .  
Block diagram of t h e  ha1 loon-borne t ransmi t te r .  
Photograph of t h e  t r a n s m i t t i n g  antenna assembly mounted o f f  t h e  bal loon 
ax is  and below t h e  gondola t o  prevent blockage. 
Photograph of t h e  drooping d ipo le  rece iv ing  antenna mounted under a radome 
on a 4 by 8 foot  ground plane above t k -  w o f  of t h e  van. 
Two one second t ime p l o t s  o f  received s igna l  l eve l .  Shown i n  A i s  a 
sample taken along a causeway where no s ignal  biockage was encountered; 
w h i l e  6 was taken i n  a p ine  fo res t  where sfgnal  blockarle d i d  occur. 
Frequency spectra (normalized and smoothed) of a 1CO second sample of 
data when t h e  van was moving a t  55 mi les per hour. 
Values of K, t h e  r a t i o  os specular t o  random power, f o r  t h e  Rice-Nakagami 
d i r t r i b u t i o n  compared w i t h  data taken a t  d i f f e ren t  e leva t ion  angles. 
P l o t  o f  s ignal  l e v e l  d i s t r i b u t i n n  f o r  50%, 70%, go%, and 95% of t h e  t ime 
i n s i d e  each 1 second per iod  w i t h  ,>ewer . level d i s t r i b u t i o n  a lso  shown. Also 
shown f o r  comparison i s  Hess' (1980) r t s u l t s  f o r  urban Denver (90% spa t ia l ,  
90% temporal ). 
Comparison o f  data from Vogel and Torrence (1984) w i t h  he l i cop te r  data 
obtained by But terwor th e t  a l .  (1983). Inconsistency between t h e  l5'-2O0 
curve and 20"-25' curve i s  due t o  excess ) 'ol iage a t tenuat ion  i n  t h e  l a t t e r  
data sample. 
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